Capillary electrophoresis (CE) achieves efficient separation of molecular species by the application of high voltages to samples in solution (1 ) . Commercial CE units, available for slightly more than a decade, have found numerous applications (2) (3) (4) (5) (6) , but are expensive (ϳ$60 000) and require substantial user training and experience. Recent advances have allowed CE to be performed on microchip devices (7) (8) (9) (10) (11) . We evaluated the Agilent 2100 Bioanalyzer (Agilent Technologies), which represents a new generation of CE instruments that use this technology.
The Bioanalyzer is relatively inexpensive (ϳ$18 000) and is simple to operate, requiring only routine pipetting and basic computer skills. Typically, 12 nucleic acid samples can be sized and quantified on a disposable chip within 30 min. Chips are fabricated from glass and comprise an interconnected network of fluid reservoirs and microchannels, which must be filled with a gel-dye mixture. Each chip contains 16 wells: 3 for loading the gel-dye mixture, 1 for a molecular size ladder, and 12 for experimental samples. The movement of nucleic acids through the microchannels is controlled by a series of electrodes, each of which is independently connected to a common power supply. The Bioanalyzer displays data as both migration-time plots and as computer-generated virtual gels. Traditional CE operating variables [temperature, voltage, capillary material, and pH, ionic strength, and viscosity of buffer (12 ) ] cannot be modified. The instruments costs ϳ$18 000, and chips cost ϳ$12-18 per chip ($1-1.50 per sample).
The gel-dye mixture consists of a linear polymer and a fluorescent, intercalating dye. The marker mixture consists of a buffer along with lower and upper molecular size markers, which the Bioanalyzer uses as references when sizing DNA fragments. The upper marker is also used as a reference for calculating the concentration of DNA fragments in each sample. Each reagent set also contains a molecular size ladder for sizing experimental DNA fragments.
We evaluated the ability of the Agilent 2100 Bioanalyzer (Biosizing software, Ver. A.01.05) to generate consistent results with respect to sizing and signal quantification on a well-to-well, chip-to-chip, and day-to-day basis, using PCR fragments and commercially available plasmid digests.
Whole blood was obtained from healthy volunteers and drawn into EDTA-coated tubes. Genomic DNA was purified directly from whole blood using the QIAamp DNA Blood Mini reagent set (Qiagen) and resuspended in DNase-free water. Gene-specific primers for endothelial nitric oxide synthase (eNOS) (13 ) yielded a 379-bp fragment (forward primer, 5Ј-GTG ATG GCG AAG CGA GTG AAG-3Ј; reverse primer, 5Ј-GAC ACC ACG TCA TAC TCA TCC-3Ј). Amplification of eNOS DNA was achieved using a GeneAmp 2400 PCR System (Perkin-Elmer) and AmpliTaq Gold (Perkin-Elmer) under the following conditions: 10-min activation of Taq enzyme at 95°C, followed by 45 cycles of 94°C for 30 s (to denature), 65°C for 30 s (to anneal), and 72°C for 30 s (to extend). All reaction volumes were 50 L. PCR product was concentrated via precipitation using two volumes of cold ethanol (Ϫ80°C, overnight), centrifuged at 14 000g for 5 min, washed once with cold ethanol (950 mL/L), aspirated, allowed to dry under ambient conditions, and resuspended in DNase-free water. Removal of primers, nucleotides, and salts was accomplished using the QIAquick PCR purification method (Qiagen). The final elution of PCR product was performed with Tris-EDTA buffer to a final concentration of ϳ40 ng/L. The concentrations of eNOS PCR samples were determined via absorbance readings at 260 nm using a SmartSpec 3000 spectrophotometer (Bio-Rad).
DNA 7500 Lab Chips (Agilent Technologies) were loaded with samples as recommended by the manufacturer with minor modifications. Briefly, microchannels were filled by pipetting 9 L of gel-dye mixture into the appropriate well and then forcing the mixture into the microchannels by applying pressure to the well via a 1-mL syringe. The ladder well and sample wells were subsequently loaded with 5 L of marker mixture plus 1 L of either molecular size ladder or sample, respectively, using one of four protocols: (protocol A) 5 L of marker mixture was loaded into each sample well, followed by 1 L of sample; chips were vortex-mixed at setting 5 for 1 min in a Fisherbrand Vortex Genie-2 (Fisher Scientific); (protocol B) same as (A) except that the chips were vortex-mixed at setting 4; (protocol C) 66 L of marker mixture and 13 L of sample were mixed in a microfuge tube; 6 L of this mixture was loaded into each sample well; chips were vortex-mixed at setting 4 for 1 min; (protocol D) marker mixture was loaded into each sample well, followed by 1 L of sample; the contents of each well on the chip were gently pipetted three times in situ using a P10 Pipetman; chips were vortex-mixed at setting 4 for 1 min. After being vortex-mixed, chips were immediately inserted into the Bioanalyzer and processed. The marker mixture for the DNA 7500 Lab Chip contains lower and upper molecular size markers of 50 and 10 380 bp, respectively.
With chip-loading protocol A, sample loss from the wells led to poor electrode contact with the remaining sample. Liquid loss could be eliminated by using protocol B. Identical 1-L samples of eNOS PCR product (379 bp; 12.6 ng/L) were loaded into each sample well. This experiment was performed three times, with a chip being run on each of 3 successive days. With chip-loading protocol B, we observed significant well-to-well variations in signal quantification (CV ϭ 12-31%), whereas DNA sizing results remained consistent (CV Ͻ1%). Specifically, samples in wells 1-3 of each chip yielded much lower concentrations than samples in other wells (Table  1A ). The CV for signal quantification for the entire 12 wells was 12-31% (Table 1B) . CVs for sizing were Ͻ1% for all chips with no result differing by Ͼ6 bp from the expected 379 bp (Table 1C) .
Consistent well-to-well signal quantification results could be obtained with chip-loading protocol C. Day-today CVs for signal quantification were 5.9 -7.9% (Table  1B) . Sizing results were almost identical to those results for chip-loading protocol B (Table 1C ). This suggested that well-to-well variations in signal quantification were attributable to poor mixing and/or staining of samples while on the chip. Chip-loading protocol D yielded consistent well-to-well and day-to-day results for sizing and signal quantification. CVs for signal quantification were 4.0 -5.4% (Table  1B) with no single quantification value differing from the predicted value (12.6 ng/L) by more than 21% and no average value for a chip differing from the predicted value by more than 13%. Again, CVs for sizing results were Ͻ1% (Table 1C ) for all chips with no individual sizing result differing from the predicted size of 379 bp by Ͼ9 bp. Similar results were observed using unpurified PCR product.
We investigated cross-contamination between wells by loading 1 L of sample containing a single component (eNOS cDNA) in odd-numbered wells while loading 1 L of sample containing multiple components (pBR322/MspI plasmid digest; Sigma) in even-numbered wells (chiploading protocol D). No interwell contamination was observed during chip analysis. Thus, the improved consistency of signal quantification observed was not attributable to interwell contamination but rather to enhanced intrawell sample mixing. Chip-loading protocol D was used for all subsequent experiments.
To evaluate the ability of the Bioanalyzer to measure absolute concentrations, concentrated eNOS PCR product (ϳ40 ng/L) was diluted in Tris-EDTA buffer to yield solutions containing 2.6, 5.1, 13.0, and 28.4 ng/L. Each sample was loaded twice on each chip, with one sample being loaded in wells 1-6 and a duplicate sample being loaded into wells 7-12. Concentration values generated by the Bioanalyzer differed from concentration values obtained spectrophotometrically by 6 -16%. Well-to-well and chip-to-chip results differed by similar amounts. DNA sizing results were found to be independent of the cDNA concentration.
To evaluate the ability of the Bioanalyzer to size samples containing multiple DNA fragments, commercially available plasmid digests were analyzed. To reduce the concentration of DNA fragments Ͻ100 bp in size, plasmid digests were spin-purified using the QIAquick PCR purification method, and samples were eluted in 1ϫ Tris-EDTA buffer and diluted to yield appropriate concentrations for analysis. pUC18/MspI digest (Sigma) samples were loaded into wells 1, 4, 7, and 10; X174 RF DNA/ HaeIII fragments (Gibco) samples were loaded into wells 2, 5, 8, and 11; DNA/EcoRI marker (Promega) samples were loaded into wells 3, 6, 9, and 12. This experiment was performed twice on each of 2 successive days. Table  1 , D and E, shows sizing and signal quantification results, respectively, for X174 RF DNA/HaeIII. The CV for DNA sizing of fragments was Յ2.1%, whereas the CV for DNA signal quantification was Յ6.7%. Similar CV values were observed for pUC18/MspI digest with respect to sizing and quantification. CVs for DNA sizing and quantification were ϳ8% and 7%, respectively, for DNA/EcoRI markers. Similar results were observed for unpurified plasmid digests.
In summary, we recommend a modification to the manufacturer's protocol for chip loading: namely, gentle pipetting of samples with the marker mixture after loading into the sample wells, followed by vortex-mixing for 1 min at the highest setting, which does not cause liquid loss from the sample wells. Lower concentration DNA fragments may not be detected if poor chip preparation leads to weak sample staining. This is particularly crucial with respect to the manufacturer-supplied molecular size ladder. The Bioanalyzer cannot calculate size and concentration values for the experimental samples if it fails to detect all bands in the ladder. In addition, improper staining of the upper molecular size marker may lead to poor quantification of experimental DNA fragments.
We found the Agilent 2100 Bioanalyzer to be an easyto-use, time-efficient substitute to conventional CE. It was effective at sizing and quantifying multiple DNA frag-ments in a variety of experimental samples, including plasmid digests and PCR samples.
